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SUMMARY PAGE

pTHE PROBLEM
Modern aviation weapon systems impose increasingly complex and highlyI demanding command/control and information processing requirements on aircrew

personnel. Improved assessment methods and more complete knowledge of human
performance capabilities and limitations in high-demand, multi-task
environments are needed to better match the operator to the changing human
roles in emerging aviation systems. The human engineering and human
performance assessment and prediction technologies have, unfortunately, failed .-
to keep pace with increasingly sophisticated airborne weapons systems
currently being developed. ,.. :

The paucity of scientifically-based knowledge concerning the underlying -
human Perceptual, cognitive, and motor processes makes it impossible to
confidently influence system design or to be able to predict human and/or -

system performance in complex situations. This lack of knowledge stems
primarily from not having firmly established: (a) the numbers of, the nature
of, the underlying internal processes; (b) the distributions of time and
accuracy capabilities for those processes; (c) the extent to which individual
differences among those processes are stable across tasks which use those
processes; (d) the nature or identification of task factors which cause (or
accompany) the invoking of some processes but not others; and (e) possible
fatigue, recovery, and/or interference in internal processing brought about by
repeated and/or competing demands on those processes.

Resolution of these basic problems is seen as central in elevating both
human engineering design/evaluation and human performance assessment/
Prediction technologies to a more responsive level for the Navy's RDT&E system
acquisition process and for meeting the Navy's personnel selection,
assignment, and training requirements.

The more basic concepts for "The Theory of Underlying Internal Processes - "
(UIPs)," presented here, are not new; they represent, in fact, the basis forthe author's development of the Human Operator Simulator which was originally

conceived of in tne late 1960's. However, the UIP theory's unique - .
implications for a new methodology for the collection and analysis of human
Performance data remained unrecognized until 1982 when they were informally .N
worked out and presented in a brief unpublished paper.

In addition to the Theory of Underlying Internal Processes, presented in
this volume, several other significant methodological developments have arisen
during this project. They are discussed in detail in the other volumes of
this series and include:

, -. . . .. * .. -. . - . . . .. . . . . . .. ...-. ." ,-" " - , , . .","... .. ,",, . . *..... .".'



Volume 2 - Modifications to Hierarchical Factor Analysis; Positive

Manifold (POSMAN) Rotations.

Volume 3 Random Sampling of Domain Variance (RSDV); A New

Experimental Methodology.

Volume 4 - Task Domains of Naval Flight Officers (NFOs).

Volume 5 - Special Computer Applications in UIP/RSDV Studies.
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1. INTRODUCTION 

...../ Th@ theory of Und@rlying Intern~l Processes tUIPs> is basically 

~ fr~•e•ork for discussing possible causes of good and poor hu•an task 

p@rfor•ance And discovering •h~t internal processes •ay underlie that 

beh~vior. The theory ~ssu•es speed and ~ccuracy of task perfor•ance is a 

direct result of the speed and accur~cy of the various internal processes 

being used during the perf~r•ance of that particular task. The UIP theory 

requires no ~rbitrary distinction bet•een v~rious traditionally recognized 

process categories (e.g., sensory, perceptual, cognitive, •e•ory, or 

•otor>. Nor is the theory directly concerned •ith either the J;ite~f, 
or the ;.;echanis•s~eeded for, the internal processes. It •ay •ell be 

that the UIP theory •ill be useful in addressing the~e concerns, but the 

theory is pri•arily concerned Mith identifying the nu•ber and nature of 

the different internal processes involved in the perfor•ance of various 

ht:~~-~J~;t' ·;;J:;:; ::ti.J ~~_y~) 
The c~ncept of un~rlying ~ernal processes, ~s used in the UIP 

theory, is •eant to convey si•ply that certain sequential activities •ust 

be taking place internally for any task to be acco•plished. No a priori 

hypotheses need be •ade about •hat those processes •ay be or •hat tasks 

•ill cause the invoking of Mhich of those internal processes. UIPs are 

si•ply hypothetical •activity blocks• fro• •hich the acco•plish•ent of 

parts of various hu•an tatks •ay be said to have been constructed. As 

such, a given UIP is a sort of ••icro-activity• which •ust transpire if 

parts of certain tasks are to be acco•plished. 

The reason for searching for the underlying processes is that an 

infinite nu•ber of possible tasks can be i•agined, but it is unreasonable 

to contend that an infinite nu•ber of different bas i c processes •ust 

underlie all hu•an behavior. In the real• of reading, to take one 

l - l 

---------~-~ ~ • ...,.,....._ ....-...:I"L ''" 
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example, one could easily conceive of hundreds of thousands of different

paragraphs each of which could be conceived of as a somewhat different

task. It is totally unreasonable, however, to contend that some of the

same processes are not being used in the reading of each of those

different paragraphs. It is equally absurd to maintain that all processes 707

involved in reading a book are different from those required for reading a

paragraph or even a single sentence. Yet, it is obvious that these are

very different tasks since the times to accomplish those separate tasks .-- 2

would be quite disparate. In the same fashion, the task of driving from

Chicago to New York differs from the task of driving from Chicago to New

Orleans, but many of the same activities must take place in both tasks. 2
Central to the UIP theory is also the concept of stable

individual differences in the ability to perform certain underlying

processes. Thus, using the earlier reading tasks example, those who are

faster at reading a single statement would be expected to correspond

closely with those who are faster at reading paragraphs and books.

". The UIP theory, as might be expected, is also concerned not only

with what different processes underlie various tasks, but also with how

many times the different processes are used for a particular task.

Indeed, the UIP theory maintains that the number of times certain

processes must be used is highly dependent on the precise task being

accomplished, and that each person accomplishing a task invokes the same

processes the same, or at least a very similar, number of times. The

major reason persons who are very fast at reading paragraphs are also very

fast at reading books is that they possess relative rapid speeds for at

least some of those processes which underlie all reading tasks.

The mere fact that an individual is very fast and accurate in

performinq certain tasks is, however, no guarantee that the same person

will excel in the performance of other and different tasks. If there were

but a single underlying process that was responsible for all behavior,

then the theory would expect a very high correlation among all kinds of

tasks. The UIP theory, however, maintains that there are likely to be

many different and independent processes that underlie performance in

.5..

. .. , ----2 -.- ,,



alaost any task. For exaaple, even a siaple choice-reaction task may 

involve sensory, perceptual, cognitive, aeaory and aotor processes. The 

UIP theory would aaintain that different persons could do well on even 

that siaple task, but that their individual successes aight •ell be 

attributable to different causes. 

Identification of the underlying internal processes is based on 

the analysis of task-tia~ data rather than task-accuracy data. The theory 

assuaes that any individual's tiae to coaplete a given task aust be an 

additive function of the tiaes that person needs to invoke and utilize the 

underlying internal processes <UIP~> required to perfora that task. Task

accuracy data, on the other hand,.re likely to be a aultiplicative 

function of the accuracy of the UlPs. Consequently, the analysis of the 

relationships aaong task tiaes yields different results than an analysis 

of the relationships aaong task accuracies. The UIP theory capitalizes on 

these differences in a variety of ways. 

The next section reviews the basic assuaptions of the theory and 

provides detailed rationale justifying thea. Section 3 describes the 

aatheaatical and statistical derivations based on the assuaptions and 

sho•s the independent contributions being aade by each UIP to the 

correlation between two task-tiaes across a group of persons. This 

section also describes ho• a ne•ly aodified Hierarchical Factor Analysis 

aethod can be used to arrive at an estiaate of each UIP ' s independent 

contribution to that correlation coefficient. Section 4 describes soae 

additional aatheaatical aanipulations to the separate UIP contributions to 

estiaate both the variance in tiaes to utilize a particular UIP and the 

nuaber of tiaes that process was being used in a given task. Knowledge of 

the variability in the tiae-to-use each UIP and the nu•ber of tiaes 

various UIPs are used in a given task provide a potentially ne• and 

po•erful aethod for the classification of tasks. Section 5 discusses hoM 

one aight go about setting up a study to deteraine the UIPs for a 

particular task doaain. The final section traces soae of the aajor 

antecedents of the UIP theory and revie•s soae past theoretical approaches 

to identifying the causes or good and poor perforaance on various tasks. 

1 - 3 



2. ASSUMPTIONS OF THE UIP THEORY

A number of assumptions, which are central to the UIP theory,

were included in the preceding discussion. In this section, those

assumptions are reviewed and discussed in greater detail.

2.1 A LIMITED NUMBER OF PROCESSES

The first assumption is that a fairly limited number of UlPs

exist that can be and are invoked as needed by humans to accomplish any

specified task, The total number of existing UIPs is currently unknown:

the theory merely states that there are not an tremendous number of them.

One objective of the theory is to establish the means to discover how many

there are and their nature (by determining which tasks cause them to be

invoked). In performing tasks (or tests) in a given battery, usage of all

possible UIPs probably will never be required. For a given battery, the

theory can only address those UIPs that are required in common by at

least two tasks in that battery. Prior knowledge of the exact number of

commonly-required UIPs for a given battery is not needed since the theory

describes how the number (P) of commonly-required processes may be

established.

2.2 PERFORMING TASKS REQUIRES USING PROCESSES

The second assumption states that accomplishment of any task

requires use of a sequence of some UIPs, but never all of them. Further,

a given UlIP may be invoked more than once during the accomplishment of a

given task, Actually, the UIP theory is not concerned with the order in

which various UIPs get invoked, but is concerned with the number of times

each participating UIP is used.

2 1
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2.3 USING PROCESSES REQUIRES TIME

The third assumption states that the usage of any given UIP

requires some time for that UIP to be completed after it is invoked. This

assumption merely states that each usage of any UIP requires the person to

expend some amount of time. Regardless of what the underlying processes

actually consist of (e.g., the firinq of neurons, contraction of muscle

fibers, etc.), even the shortest of these actions takes a real amount of " - "

time. In physiological processes, hundreds or even thousands of neurons

or nerve cells might be involved in a given process. Typically, such

processes may begin with small amounts of activity which gradually build

to a peak. After some period of time, the activity begins to fade or

diminish in its intensity and/or scope. Through these bursts of activity,

"information" is internally proceeding from one location in the person to

other locations in that person. The question of deciding precisely how

lonq a given process takes, even if one had a faithful record of, say,

when each neuron fired, need not concern us at this point. It is

sufficient to state that if certain processes had not taken place, a given

task would never have been completed. Information must have moved through

the human s system, and probabilistically. at least, the information was

located at one process site or anotner throughout the duration of the

task. For purposes of discussion, we assume that a given UIP was the

most active' one whenever it contained the majority of the information.

2.4 PROCESSES ACTIVATED ONE AT A TIME

The fourth assumption maintains that the next UIP in sequence

cannot be invoked until the preceding UIP his been completed. The theory

is, again, unconcerned as to how one-would recognize that a given UIP has

been completed. It merely states that by whatever criterion is used to -.

make that judgment (i.e., which is the "most active." when did it start

beina that way, and when did it cease being that way;, only one UIP may be

the most active one at any one time. This concept is sometimes difficult

to comprehend because of the thousands of micro-events that must be

happening within the brain at the same time.

*%.*.-.. .



An analoqy, involvinq multiple actors performinq a "meqa-tasI-. .

is helpful in understandinq this assumption. Consider the meqa-task to be

having fifty persons leave a specific apartment house, drive a car to a

particular supermarket, purchase a selected set of items, and return to _ ,

their apartments. Even if all fifty persons started at the same time, . 'I.

some of those people will be able to Qet out of their apartments and into -'

their cars faster than others. Some may orive faster to the supermarket.

Some may have more difficulty findinQ a parking place and take lonqer In

walkir. nto the supermarket. Once in the store, the acquisi .on of the

* items to be purchased mali consume more time for some specific items and

for some specific people than for others. Gettinq throuqh the check-out

lines, even if there are several of them, wili occur for different people

at different times. Uiimately, however, all of the persons do return to

their apartments with the required items. Despite the fact that no

individual may have behaved exactly like any other individual, it is still

possible to talk about the average times and variances in performinq

different required processes (e.g., leaving the apartment house, driving

to the supermarket, parking, finding the items to purchase, payinq for

them. etc.).

The people in the mega-task are analogous to the "distributed"

information passing through parts of the human in a regular task. "

Statistically, the information as a whole, even though it may be

distributed over hundreds of firing neurons, does continuously progress

through the brain as a chain of activities. Such activities must be

transpiring for any specified task to be completed. Finally, some of the

required mega-task activities, such as taking an item off of a shelf and

putting it into the shopping basket, have to be repeated several times in

the course of the task. Similarly, in reading paragraphs, there must be

many repetitions of activities such as moving the eyes and fi>ating the

material to be read. While there may be variability in the time taken b.

this type of activity, there also must be an average time per movement and

. a variance in the times for that process.

.
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The first four assumptions discussed lead inevitably to the N

conclusion that the time required for accomplishing a given task will be

equal to the sum of the products of the number of times a given UIP is

invoked (because of that task) multiplied by the average time to use that

particular UIP while that task was beinj done.

EXISTENCE OF INDIVIDUAL DIFFERENCES AND VARIABILITY

The fifth assumption maintains that each human has access to the

same basic processes, but the speed and accuracy of those processes may

differ both from person to person as well as from time to time within a

person. This merely states that the theory permits both inter- and intra-

person variability in the effectiveness with which each of the UIPs get

executed whenever they are invoked.

To continue with the mega-task analogy, the way the world is

structured for the fifty persons in question, will, to a large degree,

determine the times taken to accomplish various segments of the mega-task.

The construction of the apartment house, the lengths and surfaces of the

roads leading to the supermarket, the weather conditions, the type of cars

owned. tne size and layout of the supermarket, the number of check-out

lines. etc.. would all be factors affecting the average time for the fifty

persons to accomplish the mega-task. In the same fashion, the way a

qzven person s brain is structured, the "richness" and "strength" of

connections among neurons, the presence and amount of certain biochem-

icals, and so forth, will all affect the speeds and accuracies of certain

UIPs within a sinqle human being.

The time to use a given UIP is one measure of the effectiveness

with which a person can invoke and utilize a given UIP. Since the time to

use a given UIP can vary from person to person, the theory concludes that

we should expect variation in the times required by different persons to

do the same tasks (even if they use exactly the same UIPs in exactly the

same order). Because the time to use a given UIP may also vary within a

person, the theory concludes that we must also expect some variation in

the time taken by one individual to accomplish the same task at different

2-4%-~~ % %
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Of course, the UIP theory would also draw similar conclusions

about the accuracy of responses in terms of the expected variability

W between and within persons. However, at this point we shall limit our

interest strictly to means and variances in the times to complete various

UIPs and tasks.
I...'..

2.6 TIMES REQUIRED FOR PROCESSES ARE INDEPENDENT

The sixth assumption is that the average time it takes indi-

viduals to perform a given UIP is unrelated to the average tine it takes

those saIme individuals to perform any other UIP. This is. perhaps, the

most difficult assumption to explain. The reader may question why the UIP

theory requires this assumption. It seems equally reasonable that two

different UIPs (e.g., process a and process b) might well exist, for which

the average times to use those processes would be related across people. . -.

The problem, however, is that it would be impossible to ever distinQuish

this case (i.e., two separate, but related processes) from several cases

in which the times for processes a and b are actually independent, but are

caused to appear to be related by other causes such as those described in

the sections that follow.

2.6.1 Sequentially Related by Another UIP

Two independent processes (a and b) may appear to be related be-

* cause usage of another independent process (c) always either precedes or

follows usage of a or b. An analogy here might be that the times to walk

to the far sides of two rooms (a or b) might appear to be related if one

must always traverse a certain corridor (c) before entering either of the

two rooms. Even if the distances across a, b, and c are statistically

independent of one another, the times (across a large sample of rooms in I - _1 _

which the sizes of a, b, and c are randomly determined) to get to the far .-

end of room a will have to be related to the time to get to the far end of .... ,

b. Since some sensory processes may typically precede certain perceptual

or cognitive processes, and some cognitive processes may typically precede

certain motor processes, the concept of independent, but sequentially 77777

dependent, processes is certainly possible. Much evidence is being.. -

accumulated that indicates certain mental processes take place in the left

brain while other kinds of processes take place in the right brain. The
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conditions and lengths of pathways ithat sensory, cognitive, and motor -.

activities must follow could be the cause of apparent relatedness in the

times to perform various kinds of tasks.

-. 2.6.2 Genetically Related UIPs

Even if times to perform process a and process b were related
N . "*1. ''o

across people, we desire an explanation to account for that relationship.

N One possible explanation is that a genetic process was responsible for the

-d~i. similarities in the structures or mechanisms that permit those two proces- .. -

ses to take place. A relationship existing between two UIPs may have been

*..¢ caused by a genetic process which took place in the past but continues to . -

exert its influence.

2.6.3 Experientially Related UIPs

Another explanation might be that the times to perform proces-

ses a and b are currently related because of similar amounts of previous

training and/or practice in using those processes. Persons do become

faster and better on some practiced tasks. Improvement may be due to

quickened speeds through various UIPs needed by those practiced tasks. .-

Structurally, the mechanisms required for various processes may well be

changinq as one practices a task. The possibility for "transfer of

training" of some acquired skill from one task to another is certainly

well established in the psychological literature. Had it not been for the

similarity in the practicing of certain tasks (and, consequently, certain

UIPs) in the past, the times required for performing those tasks (and

those UIPs) might otherwise have been unrelated. In this sense, a and b

-.. currently appear as related because of training processes or experiences

that occurred in the past.

2.6.4 Biochemically Related UIPs

Finally, the times to perform two different biological processes 7
might well be related because certain biochemical agents are currently

present, which control the overall speed that both process a and b

can be accomplishe6. it is well established that introduction of some . -

chemicals into the human's system can have an impact on the performance of

certain tasks. Thus, processes a and b. whose usage times might otherwise

2 -
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be independent, may be currently related because of the presence of

similar amounts of various biochemicals which have "invaded" the sites

where those processes take place. The presence of certain biochemical

aqents in the past could also have caused relatively permanent structural

chanQes to the mechanisms responsible tor the accomplishment of various

UIF's. Nor is it necessary that on!, externally introduced biochemicals be

:onsidered as the cause of the apparent relationships among certain UIPs.

It may be that the production and dispersal of various biochemicals are

ta ino place naturally and internally at all times. It is. of course,

possible that the amount of various biochemical agents that affect the

" performance of two or more independent processes is, itself, a direct

result of a genetic process. Hereditary factors have been established as

beinq responsible for certain chemical imbalances in some persons.

Unfortunately, it is mathematically impossible to distinguish

whether two process times appear related because they are "naturally" that

way, because they have become that way, or because they orly appear -

that way since we are unaware of the other things and processes which

occur in close temporal proximity. Since it is impossible to make these

determinations merely from examining the task-time data, the UIP theory

assumes that usage times of separate UIPs are independent across people, and

that, if they appear to be related, there must be some additional independent

(past or present) process that is causing that apparent relationship. A

orocess that is responsible for causing the relationship between the times to

perform two or more otherwise independent processes will be referred to as a

"higher-level" process. The UIP theory is also concerned with identifying the

number and types of higher-level UIPs and which lower-level UIPs they may be ..,

affect ia.

2 SAME NUMBER OF USAGES OF EACH UIP

The last assumption states that a given task determines the

number of usages required for each UIP to be invoked during the task.

This assumption may not be justified for highly complex and difficult

mental tasks. Individiuals may well differ in how they attempt to solve

complex problems. Different persons may have acquired different learned

2-7
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procedures for attacking certain kinds of problems. Or a given person may

% have alternative procedures for attacking a given type of problem, and we .

may be unaware of which of those procedures is being followed while the j
person solves the problem. However, for simpler tasks, the theory

maintains that the nature of the task itself defines the essential UlPs

that must be used and the number of usages of each of them. For example,

if a subject is asked to count the number of objects in a given picture,

the actual number of objects and their relative locations should play a

• - dominant role in determining the number of fixations needed to count them.
N.o•

A given individual, however, might perform some visual task

with, say, fewer than the average fixations required by the group as a

whole. Whatever total time he spends in doing the UIPs that permit

refixation of the eyes could be divided by the average number of fixations

required by the group. The result of this division may make it appear

that each fixation time is faster for that individual than it really was.

This index, however4 would accurately reflect the fact that this person

does accomplish those processes more effectively than do others. It may

also be that an individual who uses fewer fixations than the average,

might, on the average, take somewhat longer to accomplish them. Thus,

there may well be a compensatory tradeoff in the number of usages of a

-. given UIP and the average time to use it. The theory is interested in

* establishing the average amount of time required for a given UIP to be

used to accomplish a given amount of work.

The assumption that each person must be using the same UIPs for

the same number of times is simply a convenient way to evaluate time used

to accomplish a task that requires a certain amount of work to be done.pm

An analogy might be in considering the time required for a person to fill . -

an empty tank by carrying buckets of water from another tank,which is

filled with water. If we are interested in how fast persons can move

water, we could divide any person's total time taken to complete the task

by the average number of bucketfuls required by the group as a whole.

This should give us an appropriate index of effectiveness for that person

as compared with the others. Why a person is faster than others (e.g., he

uses a bigger bccket, he has a smaller bucket but works faster, etc.) is

2 8
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relatively unimportant to us. The theory seeks to not only identify the

underlying processes invoked by various tasks, but also to establish the

relative speeds with which individuals can utilize those processes.

2.8 TIME REQUIRED FOR AN INDIVIDUAL TO PERFORM A TASK

The UIP theory basically states that, for a task kwhich

requires the usage of underlying processes (all of which are required by
at least one other task in the battery), the time required for individual

i to perform task k will be

P

Tlk PEI U~k (Tp + Dpk) (2-1)

where

P = the total number of commonly used processes,

UP, = the number of times process p is used during task k,

T, = the average time (across all tasks) for i to use process p,

Dp, = the average per-usage difference in time for i to use

process p while performing task k from from average time of I

to use that process across all tasks.

The derivations for this and other important UIP theory

equations are found in Appendix A. The reader may wish to refer to that

Appendix before proceeding to the next section.

I -. .* - ... .... . . . . .

%§

...... '%'

%-'-77



~~~~~~~ It *,R W. 7- 1 V - V- I q" -V ' • -. 4, .. . . . . . .. . , , 4 " "

3. IDENTIFYING THE UNDERLYING PROCESSES .,.

3.1 THE RELATIONSHIP BETWEEN TASK TIMES

The UIP theory is concerned with how one may analyze the task

times for a battery of tasks to discover (a) how many UIPs are common to

more than one task in that battery)and (b) to determine the nature of the

UIPs. The previous section stated that, based on the UIP theory's first

four assumptions, the time required (Tk) for individual i to accomplish

some task k must be equal to the sum (across all P processes) of the

products of the number of times each process gets used multiplied by the

averaoe time person i required to accomplish that process. Appendix A

describes in detail the derivations of the equations discussed below.

The reader may wish to refer to that Appendix for a better understandinq

of the deri,-ational steps and assumptions made for the equations that

follow. It can be shown that the correlation between the times taken

to perform two tasks 'k and m should be:

(( Upk I )
- t ~p . k _--5,.

Up .rT/( U . V / VT )) (3-1) -
p. ,'pp

where

Up, a number of uses of process p during task k,

Up. = number of uses of process p during task m,

0r  the standard deviation of the average times taken
p.

by individuals to use process p across all tasks,

= • the standard deviation ot task k times across

individuals, and

u the standard deviation of task m times across

i ndi vi duals.

~8'°.
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THE CONTRIBUTION OF EACH UIP TO A CORRELATION

!he above equation suggests that a matrix of correlations among

C. '3ask times should be able to be replicated by forming a matrix F with K " --

rows ,i.e., one for each task in the battery) and P columns (one for each

. unoerlvinq independent process used by two or more tasks) where the entry

in cell k.p would be

f, U P .r /r, (3-2)

Using the above entries, it can easily be shown that

r * . (3-3)

Further. the entire correlation matrix should be able to be reproduced by

muitiplyinq matrix F by its transpose. That is, R s F x F' .

-.- USING FACTOR ANALYSIS TO OBTAIN THE DESIRED VALUES

The formulation in the above equation suggests that a factor

aralysis of the correlation matrix, followed by an appropriate rotation of

the factors found, should produce matrix F. Several clues exist for find-

ina tne "appropriate" rotation. First, when a particular process (e.g..

crocess p, is not used in a particular task ,e.g. , task ki, then Up,.

rn-_-t equaI zero. Thus, the p ~k cell in matrix F must have a value that

does not differ significantly from zero since the standard deviations of

both T , and T,. must be positive. Second, if U P is not zero, it

must be positive, since it is impossible for a process to be used a neqa-

tive number of times. Thus, if -nY entry in matrix F is not zero. then it

must be positive. Therefore, the appropriate rotation must be one which -} .

*Yields entries which are all either zero or positive. Such a factor

structure is referred to as havina both "simple structure" and "positive"' "

manifold." Wherry, Jr. (1985) has recently described modifications to the '-4--"

Hierarchical Factor Analysis (HFA) technique, which can objectively

discover such structures when, and if, they exist. \

3 -2
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4. FURTHER "ANIPULATIONS OF THE HIERARCHICAL FACTOR LOADINGS 

4.1 DEVELOPMENT OF THE "COVARIANCE " HATRIX 

Assuaing that th~ aodified HFA technique is able to find a 

factor structure that sho•s both si•ple structur~ and positive •anifold , 

th~n furth~r interesting •anipulations of •atrix F can be acco•pl~shed. 

For ex a•pl~, each row of F can be •ultiplied by the standard deviation of 

the respective task. These new values can be placed into a K by P matri x 

called C <for "covariance">. The k,p cell should now contain simpl y the 

product of Upk tiaes the standard deviation of the values of Tp , 

across all individuals. That is 

• ,T (Upk ,T /tT ) • Upk ,T (4-1) 
k p. k p. 

As with the F aatrix , all of the matri x C entries should be zero 

or positive. Matri x C values can be used in several interesting ways 

because those values are no longer influenced by the task ti•e variances. 

For exaeple , the ratio of any two entries froe, say , column p should now 

yield the relative number of ti•es process p is used in those two tasks . 

For exa•ple, 

• (Upk tT )/(UP• tT • Upk/UP• • <4-2> 
p . p . 

4.2 ESTIMATING THE STANDARD DE VIA TIONS OF PROCESS TIMES 

Conversel y, i f the nueber of usa ges of proces s p can be 

esti•ated (by knowing the nature of the tas k in which i t is used ). then an 

esti•ate of the standard devi ation of the TP, val ues can be obtained. 
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That is, each non-zero value in the C matrix must represent the product of 

the number of times that process Nas used multiplied bv the standard 

de~ iation of that process · usage time. Thus, for task k. 

(4-3) 
p. p. 

For each process, as man v estimates of rT can be obtained as one 
p. 

has n~n-zero loadings on that factor. If, say, ten tasks load on a given 

factor, then ten independent estimates of the standard deviation of that 

process ti•e can be obtained. To the extent tha! all ten of the estimates 

are hig~ly similar, one can have confidence that both the nature of that 

process has been comprehended properly, and t hat the number of times it 

must be invoked by a given task has also been established correctly. The 

average of the ten estimates can then be used with confidence as the 

standard deviation of that process ' usage ti•e. 

4. 3 ESTIMATING THE AVERAGE TIME TO USE A PROCESS 

The average ti ae to use a process can be estimated in the 

following manner. First, matri x C is augmented with the column of mean 

t ask times. Ne xt, the means, standard deviations, and correlations among 

the P columns \ representing the processes) and the augmented column are 

determined. Finally, multiple corr2lation is accomplished, selecting all 

P of the process variables as pred1ctors of the task time averages. This 

results 1n a prediction equat1on with P standard score "Beta" weights CBs > 

which states that 

< 4-H 
" 

Howe ver , the predicted standard score of a average task time would be 

(4-5) 

Also. 
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lc • (ckp - c.p)/tc <4-o> 
kp .p 

Since the ~eans and standard deviations of the c values and the average 

task ti~es can be co•puted <through the K tasks which represent the rows 

in the aug•ented matrix>, Eqs. (4-5) and (4-6) can be substituted into Eq. 

(4-4>. Then , ~ultiplying both sides by tT and adding T to 

both sides and rearranging ter•s yields 

, we may show 
• p 

Now, since c kp • ukp tT then 
. p 

I< 

c • c ukptT /K ' . p k-t . p 

But t T is a constant throughout the column , th~refore, 
• p 

I< 

C.p • tT 1: Upk/K • tT 
. p k-t . p .p 

u 

It can also be sho~r~n (see Eq. <A7-10l in the Appendix i that 

Substituting Eqs. <4-10> and <4-11> into Eq. (4-Bi, we s ee that 

Now, assuming bP • TP/tT , and substituting it into Eq. (4-1 2 ) 
p 
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.. - ~ 

+ t U."T" - t TpU.p .... ..., 
p 

• t T.,u .. " • 
p•l 

~ 

Since Me knoN that T .. • 

noN kno• that 

t u .. pcTP + Dp.l<), Me also .... ' . 

... ~ 

r .. • r .. + t u .. "o ...... ., .. , 
... 

Subtracting r .. fro• both sides. Me can shoN that 

... ~ 

r .. - r .. • t u .. "o"·" . p•l 

(4-13) 

(4-14) 

(4-15) 

But D"·" is the interaction of process p during task k averaged across 

all individuals. If •e sua the errors of prediction of the aean task 

tiaes across all tasks, •e can sho• that 

K "' K ~ 

t cr .. - r .. > • t t u .. "o"·" • o . 
~-· ~-··-· 

(4-16) 

·This result supports the assuaption aade earlier that 

bp • Bp ,T ,,c • Tp,,T (4-17) 
• p " 

Since I" • rT • and rc can be coaputed, and rT can 
• • p p 

be estiaated by the earlier described aethod <see Eq. (4-3)), Me can now 

show that an estiaate of the average usage tiae for process p is 

... 
TP • (tT JP) (tT /tc ) • (4-18) 

p • p 

4.4 ESTIHATING INDIVIDUALS' TIHES TO USE A GIVEN PROCESS 

A given individual's tiae to use a given process can be 

estiaated in exactly the saae procedure as described above, except that 

individual ' s task tiae scores are augaented to aatrix C instead of the 

aean task tiaes. In this case, 

4 - 4 



T (VT B ) (r. /v ) (4-19)
,. i .P "P '

While it appears that a great deal of computation is needed to

derive predictions for TP and each person's TP, value for each of the

P processes, it should be pointed out the intercorrelations among the P .

predictor variables need be computed only once. For example, the

intercorrelation of process p and process q is computed as

' , * ( C,,CkQ/K - PC q)/ (4-20)
p q

The intercorrelations of the predictors can be stored in a P x P matrix

named R. The inverse of the R.. matrix can then be obtained. Once

the vector of intercorrelations between each predictor and any criterion

is determined, the vector of P standard score beta weights can be obtained

by the matrix operation of multiplying the inverse of R= by the vector

of criterion correlations. Also, the final term in parentheses in Eqs.

(4-18) and (4-19) is a constant. That is,

KP VT /r. (4-21)
P .

Thus, the computations to obtain predictions of T and TP values are

not overly complex or difficult.

4.5 USING THE DERIVED PROCESS VALUES AS TASK DESCRIPTORS

One of the enduring (and unrealized) goals of human engineering

has been the development of a taxonomy of tasks. The hope has been that

any task can be located within the taxonomy by progressively determining

which subcategory a particular task falls into. That is, to build the

taxonomy, one must first discover what the major categories of tasks

should be. Having done this, subcategories are formed, followed by sub- .-

subcategories, and so forth The concept upon which a task taxonomy is

founded is that every task can be said to belong to one, and only one,

category, subcategory, etc. The UIP theory, however, suggests that this

4-



concept is erroneous. A given task may contain a requirement for using

several different independent processes. Another task may well require

some of those processes, but not all of them and, in addition, some other

processes not required by the first task. Tasks, themselves, are simply

too complex; they cannot be the basis of a taxonomy because an infinite

variety of possible tasks exist. Underlying independent processes, if

N-- successfully identified, would provide a basis for both (a) enumerating

which underlying processes are required by any given task as well as (b)

quantifying the relative number of usages of each of those processes. If

the actual average number of usages of some process can be estimated, then -'--

the average number of usages of that process can also be estimated for any

given task in the battery. This section has shown that it is also

possible to estimate the average time to use a given process as well as

the standard deviation of those usage times. Finally, we have seen that

individual capabilities in using some process can also be obtained from

the methodology described in this section.

4-6

Z.

'.1. 

. ,.

. .. . ... . . 'p p -. - p p '... - p - p ' ....2 .



- - --------- - w n~ -- - - ----

V ''

5. THE DESIGN OF STUDIES FOR TESTIN6 THE UIP THEORY

5.1 UNIQUE DATA REQUIREMENTS; NUMBER OF TASKS TO STUDY

It must be remembered that the UIP theory utilizes factor

analysis to discover the underlying common processes required by the

analysis of task response times correlated across people. Thus, the input

to the factor analysis portion is a K by K matrix of intercorrelations for

the K tasks on which the data were collected. Since the number of factors

extracted from this matrix should be equal to the number of underlying

common processes, one would normally want to have at least twice as many

tasks represented in the matrix as the number of processes one expects to

find. Therefore, as a lower limit for the number of tasks to be studied,

one should have at least 2 x P tasks. However, at the beginning of

studying a task domain, we do not know how many underlying factors may be

present. For example, if we desire to study a complex task such as one

requiring the utilization of symbolic information from a tactical display

screen, we may not know whether humans have separate visual processes for

perceiving the size, color, shape, and orientation of various visually

presented symbols. When we talk, here, about different visual processes,

we are talking about the relative speeds with which an individual can

discriminate visual features. If the relative speeds in discriminating

size, shape, and orientation are virtually the same across all people,

then the UIP theory would conclude that only a single process exists for

discriminating those features, even though experimenters might make a

logqical distinction among what is being required of the subjects.

Similarly, experimenters may believe that a separate process is required

for the perception of color, while the UIP theory might find that several

different processes are involved in the perception of different colored

stimuli. The hierarchical factor analysis of the data might ultimately

indicate the presence of separate "red", "blue", and "yellow" perceptual

processes as well as a higher-level color process.

-6 :-'A lj-, V-
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5. 2 SPECIFIC HYPOTHESES NOT REQUIRED 

The above discussion points out an important distinction about 

the UIP theory, that is, while the analysis of response time data by 

the methods being advocated here could be used to test various hypot heses 

about how many processes there are and what their nature may be, it is 

unnecessar y to have formulated any such hypotheses. The UIP theory itself 

contains more global hypotheses about huaan performance in the fore of the 

•ajor assumptions of the theory. Thus, for exaaple, one of the theory's 

global hypotheses concerns the existence of different and independent 

underlying internal processes. If •ore than one factor is found, then the 

hypothesis is confirmed. The theory, itself, i s unconcerned with what 

specific processes may exist or what tas ks aight require the invoking of 

those processes. 

5.3 UNIQUE DATA REQUIREMENTS: NUMBER OF SUBJECTS TO STUDY 

If the intercorrelations of the task tiaes are not predicated on 

the same sub j ects, then the ensu i ng factor analysis •ay yield strange and 

impossible results. Thus, e ach subject should be tested on each tas k 

being studied. Further, it is certainly desirable to have more subjects 

t han tasks. The nueber of subjects in a study influence the probable 

error of a correlation coefficient. The standard deviation of a 

correlation coeffic i ent of zero is 1/(N-1> - ~ . Thus, if the number of 

subjects studied was 145, the distr i bution of correlations found by chance 

alone (i .e. , even when two tasks were , in reality, uncorrelated) would have 

a standard dev i ation of 1/(14S-1> - ~ • 1/(144>-~ • 1/12 • .OBS. If the 

siz e of the sample of subjects ~ ~~ doubled to 290, then the standard 

deviation would be reduced to 1/(290-1>-~ • 1/(289)-~ • 1/17 • .OSBB. 

Where this becoees i•portant i s during the extraction of factors. As each 

independent factor is extracted , statistical criteria are invoked to see 

if loadings on the ne xt factor that would be extracted are significantly 

different from what aight be expected by chance alone. If not, then the 

extraction of factors is stopped. Obviously, we would like to be able to 

find all the real underlying processes and this causes us to want to 

continue extracti ng factors. On the other hand, we do not wish to s imply 

ext ract factors wh ich are attr ibut able to chance a lone (i.e., eeasurement 
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error). Consequently, the statistical criteria mentioned above are

invoked. It should be obvious that the loadings on any factors found will

be more stable (i.e., replicable) as the subject sample size is made

larger. It should also be obvious that larqer sample sizes should permit

% , us to extract more factors that have real but fairly small loadinqs.

5.4 CHOOSING TASKS TO BE STUDIED

5.4.1 Selectinq a Task Domain of Interest

A major contention of the UIP theory is that an infinite variety

of human tasks can be imaqined. Obviously. one cannot go out and collect

data on every possible human task. It is equally obvious, however, that

some tasks differ from others in only relatively minor ways. It is,

therefore, advisable to perhaps start an investigation of UIPs with those

required by some specific domain of tasks. For example, the use of

visually presented symbolic information represents one domain of tasks

that might be of interest to an investigator.

5.4.2 Determining the Variables of Interest

% Havinq selected, say, the use of visually presented symbolic

information as our task domain of interest, the important task variables

should next be specified. With regard to what is found on a display

screen, one might generically describe the things to which the operator

.7 must attend as being the various objects depicted on the screen and/or the .'.-

various areas depicted on the screen. For example, at times an operator

may only be interested in certain objects if they are in certain areas.

With regard to the objects themselves, the operator may only be interested

in objects that possess certain features. Various attributes of the

objects themselves (e.g., location, size, color, orientation, shape, etc.)

are typically used to symbolically code information about real-world

objects' location, type of object, threat, allegiance, heading, etc.

Another obvious attribute of objects depicted is the total number of

objects on the screen at any one time.

5.4.3 SelectinQ the Levels of a Variable to Represent

"Levels of a variable" refer to the number of different states

of a given attribute that will be represented in the study being planned. .'
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In the Analysis of Variance (ANOVA) desiqns, because of requirements for

independence of the variables (factors,, the number of data cases in each

cell must be proportional. This results in tremendous increases in total

number of pieces of data to be collected as the number of factors and the

number of levels within a factor increases. Typically, the number of

. levels of each variable investiqated in ANOVA designs will be limited to

two or three when the investiqator desires to investiqate a large number

of variables. In a factorial experiment, for example, if one desired to

investigate the same number of levels (L) in each of a number of main

variables ;V; the number of data cells required would be Lv. When only

a few variables and a few levels in each are being studied, this is not a

major problem. However, even eight variables with six levels in each

would require over a million and a half data cells. Real-world tasks are

usually far more complex and typically average more than eight variables

and six different possible states on each variable. Thus, the idea of

using ANOVA designs to study complex real-world tasks must be abandoned in

favor of experimental designs that are far more efficient in their usage

of data.

5.4.4 Using the RSDV Techniqu e

The Random Sampling of Domain Variance (RSDV) technique was

developed to overcome the limitations of ANOVA discussed above. It is

particularly appropriate for the design of studies for the UIP theory.

The background and rationale for the RSDV technique and its application

is described in detail in Volume 3 of this series. A major purpose of the *

RSDV technique is to permit an experimenter to develop a random sample of

real-world tasks so that empirical results obtained from data collected on

that sample of tasks will generalize to the entire population of real-

world tasks of interest to an investiaator. To accomplish this, the RSDV

technique requires the experimenter to first specify a statistical model

of the real-world task domain of interest. All task and environmental

variables that are believed to be operable in that task domain are

listed. Next, any relationships among those variables must be estimated

alonq with the probable distributions of various levels of each variable.

Then, a computer is employed to generate random numbers to decide which

specific levels of each variable will be represented in a qiven task based
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on the specified probabilities of those states occurring. This is 

analcgous to a specification, by the experimenter, of what the complete 

population of that task doaain is like in the real-world of interest to 

the experi•enter, and, then, obtaining a randoa sa•ple fro• that 

population of tasks. Having once specified the variables of interest and 

the probability of various states of those variables occurring, it is 

relatively easy to obtain, through the use of computers, an unbiased 

saaple (of any desired size) of tasks fro• that specified task do•ain. 

The fact that the sa•ple of tasks selected in this way must be an unbiased 

one is very i•portant because it means that performance data gathered on 

that saaple of tasks should be able to be generalized to the entire 

population of tasks described by the task doaain specified by the 

experiaenter. Unlike ANOVA designs, the RSDV technique has no li•itation 

in either the nu•ber of variables to be studied or in the nu•ber of levels 

for each variable. Each task randomly selected in this way is, itself, 

specified by the vector of variables states Nhich are randoMly obtained in 

the co..puter. 

5.5 CREATING THE SAMPLE OF TASKS TO BE STUDIED 

Having selected a saaple of tasks fro• the specified task domain 

of interest (by using the RSDV technique described above), the researcher 

aust now create these saaple task situations for the laboratory so that 

each person can perfora each sample task . In this way, the individual 

differences in task response tiees (and accuracies) for the sample of 

people <on who• that perfor•ance data will be gathered) can be determined. 

In •ost modern hu•an perfor•ance laboratories, computers are typically 

e•ployed to si•ulate and control task situations and to collect data. It 

is possible, therefore, to directly input to the computer the state 

vectors for a particular rando•ly selected task and have the co•puter 

create those spec i fic task situations on demand. A discussion of how this 

approach has been us ed for the task domain of "using visually presented 

sy•bolic infor•ation" is described in detail in Volume 4 of this series. 

5.6 CHOOSING THE PARTICULAR SAMPLE OF PEOPLE TO STUDY 

The saaple of people should, of course, also be a rando• sample 

fro• the population of people to whom the experi•enter wishes to 
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generalize the results of the study. It should be recalled that the UI P 

theory allows the analyzer to deter•ine the distribution of ti•es required 

for the various UIPs that are discovered for a given task domain. To t he 

extent that the sample of people are, in fact, a randoe saeple of the 

population of people of interest, then the aeans, standard deviations , and 

shapes of the distributions of UIP usage times found for the persons 

sa~pled should provide excellent estimates of those saae para•eters for 

the population of interest. 

r 5. 7 COLLECTING AND ANALYZING THE DATA 

Tiae and accuracy data should be collected on all persons in the 

subject sa•ple for each task in the battery (i.e., the rando•ly sample 

do•ain ) of tasks . Corre l ations a•ong the task times are then c~aputed and 

subaitted for the modified (i.e., Positive Manifold) Hierarchical Factor 

Anal ysis. The rationale and procedural steps for this analysis is 

descr i bed in detail in Volu•e 2 of this series. Exa•ination of the 

resulting factor loadings should reveal the nature of the underlying 

independent processes corresponding to each factor. The •anipulations to 

the factor matrix described in section 4 can then be accomplished to 

determine the probable standard deviations of the separate process usage 

times and to derive the means and distributions of those process times. 
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b. HISTORICAL ANTECEDENTS OF THE UlP THEORY 

6.1 OVERVIEW 

Theorizing about the underl ying processes that determine the 

behavior of hu•ans and their performance on var i ous tasks predates the 

discipli ne of psychology and, especially, the relati ve ly modern concepts 

of collecting and analyzing data to veri fy one ' s theor 1es. A major 

difficulty encountered by empiricists in researching this do•ain has been 

that the phenomena of i nterest <i.e., the mental events or underl ying 

internal processes ) were nat directl y observable. Nevertheless. over the 

years. two distinctly different data-analytic approaches to studying 

underlying •ental processes e•erged. 

The earliest of these concentrated on determining the duration 

of the underlying processes by the analysis of differences in response 

tiees brought about by relatively •inor variations in a task to be 

accomplished. The issue addressed in this approach is to what extent do 

an y observed differences in response times correlate with the known 

<experi•enter induced> •anipulations of the tas k. This approach was begun 

by Danders (1868,1869>, and, although it lost advocates for many years, it 

has recently gained new adherents through so•e clever and insightful 

changes and •ethodological extensions by Sternberg (1969 i. 

The second major eapirical approach to identifying bas1c 

•ental/intellectual traits, skills, or processes is the factor anal ytic 

approach. The issue addressed in this approach deals with finding an 

explanation for why i ndividual ' s scores on different tests are correlated. 

Th i s approach had its start with the work of Spearman \ 1904,1927> . 

Through the years, it gained man y followers because of the outstanding 

pioneering work done by Thurstone <1935,1938), Thomson <1937 >. Burt 

<l 941i, Guilford (1971i, and many others. The UIP theor y can be thought 

of as both an integration and extension of both the response time an d 

b - 1 



factor analytic approaches in that it uses a aodified hierarchical factor 

analytic approach for the analysis of correlations of subjects response 

times across a fairly large battery of tasks. 

A third important antecedent of the UIP theory is the various 

•odels of huaan tasks and processes. A model · of any type of huaan process 

or huaan task is, in a broad sense, a theory about various underly i ng 

processes. With the advent of digital coaputers, it became possible to 

specify one ' s theories as dynamic simulation aodels and to repeatedly 

exercise those aodels under varying conditions to ascertain their 

implications. Historically, •odeling of huaan perfor aance appears to fall 

into two broad categories: (a) aodels of human processes,and (b) models of 

hu•an tasks. Exaaples of the former would include models of such 

processes as short-tera aeaory and retrieval, visual perception, and 

learning. Examples of tasks th•t · have been modeled include tracking, 

visually searching for targets on a ~creen, aonitoring of aultiple 

displays, entry of data into computer terainals, etc. A model of a single 

process or a single task can, of course, be highly useful in discovering 

a theory ' s erroneous assuaptions about how that process or task is 

perforaed. But the responsibilities of huaans in real-world situations 

are never restricted to using a single process and rarely, for that 

matter, to perforaing a single task. What was needed to confront the 

challenge of simulating the performance of huaans doing a wide variety of 

complex tasks in real-world situations were far ~ore comprehensive models. 

The UIP theory maintains that all tasks are accomp lished by the usage of a 

restricted numter of underlying processes. Therefore, one approach to 

obtaini ng such a comprehens i ve model for huaan performance studies was to 

develop a number of independent process models that could be integrated 

together and i nvoked as needed to accomplish any real-world tas k. Wherry, 

Jr. (1969) first proposed using this approach. His general-purpose, Human 

Operator Siaulator <HOS l program makes extensive use of additive process 

times for a variety of underlying, invokable processes. The fact that HOS 

has been f ound to yield sufficient valid results in a variet y of comp l ex 

simulations lends support to the bas i c assumptions of the UIP theory. 
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Nhile there are certainly other historical antecedents to the 

UIP theory,which could be aentioned, the three ~ppe~ring to h~ve the 

aost direct connections to it are: 

(1) the analysis of response tiae data, 

<2> the factor analysis of correlated scores, and 

(3) the developaent of human perforaance models. 

Soaewhat expanded discussions of these three areas are presented in the 

following sections. 

b.2 THE ANALYSIS OF RESPONSE TIME DATA 

The Danders aethod (known as the •subtraction method") and the 

Sternberg aethod <known as the "Additive-Factor aethod") are siailar in 

several respects. First, both are priaarily concerned with analysis of 

response tiaes (rather than response accuracies). Secondly, they utilize 

systeaatic and relatively saall changes to an experimental task to 

deteraine both the nature and extent of the effect(s ) brought about by 

those changes. Third, they atteapt to derive estimates of the times 

required by the underlying processes hypothesized by the experimenter. 

The Sternberg approach makes use of ANOVA designs and data anal ysis 

techniques which, of course, were unavailable to Danders in hi s era. 

The Do ~ ders / Sternberg methods ha ve been widel y used to stud y 

such phenomena as the effect of the number of items <N> in a set of 

"target" stimuli on the response time required to determine if a single 

presented "probe " stimu l us belongs, or does not be l ong to t he target set. 

A basic hypothesis in this type of study is that to re J2Ct the probe as 

one of the targets, the subjec ts must utilize va rious retrieval and 

comparison pr ocesses N times. If the probe is one of the N target 

stiauli. one might expect that on the average the s ub ject would onl y use 

various retrieval and comparison processes <N+l)/2 times. I n both cases 

(i .e •• acceptance or rejection of the probe ) . one would expect an increase 

inN to be accompanied by an increase in response times. In general, 

these studies have supported the hypothesis that response times are 

linearly related to the number of iteMSin the target set. Some of this 

research has indicated different slopes and i ntercepts for different 

persons. 
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Linear relationships between response times and number of items 

1n the target set in these studies strongl y suggest that at least some of 

the ~ underlying processes Must be used repe~tedly, ~nd th~t, on 

the average. those processes have stable usage times. Different slopes 

for different indi vi dua l s suggest that there are stable 1ndividual 

differences in the times to use those same processes. The different 

1ntercepts f or different persons may also represent stable individual 

differences for var i ous underlying processes needed in those tasks. but 

wh1ch ar· e not processes directl y needed for accepting or re j ecting the 

probe as a target stimulus . Clearlv. the results of these studies support 

many of t he ass um ptions in the UIP theory. 

The Dan ders •ethod. while brilliant in 1ts conception. was 

unfortunately rejected by •ost psycholoqists for nearly a ce ~; ~rv because 

of unsubstantiated claims •ade by respected introspectionists of that 

period that mental processes could not be additive. Danders had also 

bel1eved that it was possible to create two tasks that differed only in 

th~t one task had an additional "inserted" process to be done, ~nd therefore, 

~ny ~dditional response ti.e could be attributed to that additional process. 

This particular concept was widely criticized because of the contention that 

insertion of any new process •ight well influence hON the other required 

processes would be accomplished. Critics reasoned that it would be impossible 

to distinguish between required ti.e for the new process ~nd possible changes 

in dur~tion of the other required processes. When de~ling with only two 

alternative tasks at a time, or only in average differences in response times, 

then this criticism is quite valid. However, the UIP theory requires that 

data be collected on a large variety of tasks fro. the saMe do.ain. If the 

"additional" process occurs ir• more than one task in the battery, then the 

factor ar.alysis of the correlated tasks tiMeS should be able to isolate the 

additional "com1110n" process and separAte any tiMe cOMponents required for it 

from time c011ponents required for the other processes. 
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Both the Danders and Sternberg approaches , while elegant, tend 

to suffer fro• restricting their data to be analyzed to a relatively few 

task~which differ in relatively •inor ways. With the availability of 

ANOVA designs, Sternberg is able to co-vary several situational <i.e., 

task> factors at the sa•e ti•e. Adoption of ANOVA designs and its data 

analysis •ethodology by the Sternberg approach, while making it more 

understandable and acceptable to other researchers, unfortunatel y still 

li•its both the nu•ber of factors and nu•ber of levels within those 

factors that can be effectively investigated in any one study. The UIP 

theory, on the other hand, has abandoned the ANOVA approach in favor of 

the Rando• Saapling of Doaain Variance <RSDV> •ethodology. This not onl y 

per•its aore factors and levels within factors to be investigated more 

efficiently, but has the added advantage of being more generalizable to 

real-world tasks of interest. 

While the typical tasks studied using the Danders and Sternberg 

approaches are very interesting and do yield significant insight into 

what underlying processes aay exist, and what those process usage times 

aay be, it is usually very difficult, if not iapossible, to find any real

world tasks like those typically found in their studies. If one accepts 

the criticisa of Danders' work (i.e., that introduction of any new process 

into a task aay change both the nature of the task as well as the response 

ti•es for the other task-required processes>, then one aust abandon hope 

that results fro• studying the relatively simple, typical laboratory tasks 

will ever generalize very well to the coaplex tasks in the real-world. 

~3 

6.3.1 

THE FACTOR ANALYSIS OF CORRELATED SCORES 

Spearman's General Intelligence Factor 

The approach of using factor analysis to determine the nu~ber 

and kind of independent •traits" that may underlie human behavior is 

certainly not new. Indeed, factor analysis was invented specifically for 

the analysis of •ental tests. Spearman <1904) was one of the earliest 

investigators to recognize that scores on different mental tasks were 

related across people. That is, persons who did well on one mental <or 

intellectual> task also tended to do well on other such tasks. He 

reasoned that soae stable individual differences, of importance to all 
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aental tests, aust exist aaong people for these results to occur. Soae 

underlying trait or skill or process aust be responsible for •aking so•e 

people better <and/or faster) in their perfor•ance of the tasks. Spearaan 

believed, at least initially, that a single factor was responsible for 

those differences, and he na•ed this factor Mgeneral intelligenceM. 

Despite the fact that the assu•ption of a single factor was ultiaately 

rejected, the work of Spear•an (1927) set the stage for the enduring 

interest of British and A•erican psychology in •ental testing and in the 

factor analysis of abilities. 

~.3.2 Thurstone's Multiple Factor Analysis 

As acre data were collected over the years on different types of 

•ental tasks, Spearman's contention of a single factor beca•e increasingly 

untenable. Thurstone (1931) introduced his "ultiple Factor Analysis 

technique (using the Centroid approach) and aubsequently (19388, 1941) 

showed convincing evidence for the existence of aultiple independent 

factors1 which •ust underlie the aental do•ain. There can be little doubt 

that Thurstone's early work changed, not only how factor analysis was to 

be done, but also how all future factor analysts conceived of aental 

abilities. 

~.3.3 Guilford's "Structure-of-Intellect" Theory 

Guilford and Hoepfner <1971), in the culaination of a twenty

year research effort, also showed aM~ evidence of many underlying 

independent factors which aust be responsible for the differences in how 

huaans perform various kinds of •ental and intellectual tasks. Guilford's 

work was an attempt to test his ustructure-of-Intellect• <Sl) theor~ which 

contained 120 cells based on a three-way classification of aental tasks. 

The three aajor classes dealt with six •ental •operations" categories 

!i.e., cognition, ae•ory, divergent production, convergent production, and 

evaluation), four "contents• or areas of inforaation categories on which 

the operations took place (i.e., figural, sy•bolic, seaantic, and 

behavioral), and six "prod~ct• categories (i.e., units, classes, 

relations, systems, transforaations, and iaplications). Thus, Guilford ' s 

theory postulated, fro• the outset, a aini•u• of 120 different •ental 

abilities. But he believed that there were separate subcategories for 
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visual, auditory, and kinesthetic operations. Therefore, the SI theory

actually suggested a possibility of 360 separate abilities. Guilford

recognized that his SI model was not hierarchical in nature, and, because

of this, he never sought to determine if higher-level factors existed or

how much variance they might account for. Although he was a strong

advocate of and used factor analysis as his major analytic tool. he

doubted that all of the abilities could be segregated by normal factor

analysis of traditional mental tests. He stated ipage 19-20). "The fact

that they (the postulated abilities) habitually operate together in

various mixtures in ordinary mental functionzng has been the reason for

the difficulty of recognizing then by direct observation or even by

ordinary laboratory procedures." Instead. Guilford believed that special

tests must be constructed to prove the existence of his postulated

abilities, and he spent twenty years doing that and factor analyzing

various batteries that tested his hypotheses. While Guilford's work is

remarkable and provides us with many insights into possible underlying

processes, it never came to grips with the problem of generalizing the

results found with his hiqghly specialized tests to real-world tasks. The

UIP theory, on the other hand. does not hypothesize to what the UIPs

may be. It starts, instead, by investigating real-world task domains to

discover what underlying internal processes are apparently needed by that

domain. This represents a marked departure from both the traditional

mental testing approach. Whatever the findings of this new approach turn

out to be. the result of UIP studies designed using the RSDV technique

should be immediately helpful in understandino the nature of the specific

underlying processes used by real people in real-world tasks.

6.3.4 The Traditional Emphasis on Response Accuracy

The vast majority of past factor analytic stdies have attempted

to analyze the relationships among items and/or tests ithat were scored by

considering the number or percentaqe of items on the tests which the

subjects answered correctly, rather than on the amount of time taken to

complete the items or the tests. It may well be that the failure of a

sinqle underlying process used in a qiven task is solely responsible for "--

an erroneous answer to a given test item or mental task. Further, whether

a given process fails or not. may be highly probabilistic. That is,

7 "'."
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so•eti•es when the process is used, it works accurately !and produces an 

appropriate output>; at other ti•es, that sa•e process may produce an 

inappropriate output. When an error occurs because of the failure of soae 

internal process, its effect •ay well be carried along as inputs to the 

subsequent processing stage~ which •ust occur. Cons ~ der, for exa•ple, 

what happens when a single error is eade in aentally "carrying" a number 

during the •ultiplication of two three-digit nu•bers. The single failure 

of this one process during the •ultiplying task causes the entire response 

to be scored as a wrong answer. Yet the subject who •akes an error on 

that particular proble• aay have used exactly the sa•e nu•ber of the same 

processes as did another subject who answered the proble• correctly. 

Process ti•es, according to the UIP theory, are additive during 

the solution of a proble• or the perfor•ance of a task. But process 

accuracies are obviously not additive. If any process being used on a 

given task produces an incorrect output, the resulting erroneous internal 

infor•ation may be carried along in the hu•an ' s processing syste• and the 

final answer to that ite• !or final output to that task> will be wrong, 

regardless of how accurate that person •ay be in perfor•ing all of the 

other subsequently required processes. Further, the failure of eore than 

one process to produce accurate outputs is usually not appropriately 

reflected in a person ' s score when "right• or "wrong" are the only two 

categories used to mark ite•s. If an individual's probable accuracy in 

using any one of the UIPs is also independent of the probable accuracy for 

other UIPs, then, assu•ing that any error goes undetected by the subject, 

the probability of responding correctly on a given task <pk,> should be 

where 

p 

Ak, • n Ap,u<pk> 
p•t 

Ak, • probability of individual i doing task k accurately, 

p 

n • the multiplication operator, 
p•t 

AP, • probability of i doing process p accurately,and 

upk • the number of times process p is used on task k. 
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The above equation clearly shows that accuracy in performing a

task is multiplicative across independent processes, rather than

additive. It also clearly shows that the number of usages of a given

process must be employed as an exponent of a person's average task usage

accuracy while it is employed as a multiplier for their average task usage

- - time.

It is, of course, true that if (over a large number of similar

items: one averages (or sums) the total number of "right" answers, one .

should obtain an indication of the joint probability of a given subject's

JIPs to function sufficiently accurately for that subject to perform those

types of items. But even these total scores may not be particularly

_*. helpful in diagnosing which specific underlying processes were actually

responsible for the errors which did occur.

Indeed, it is precisely these sorts of issues that have created

the debates about the need for "culture free" tests. If, for example, one

of the required underlying processes in a series of tasks cannot be accom-

plished accurately for one subgroup in the population, then it does seem

- qhly inappropriate to generalize that one process' average inaccuracy to

other underlying processes needed to perform those items. Suppose a group

of subjects is required to perform a test, composed solely of fairly

simple problems in using logic and drawing inferences. Suppose, further,

that all of the items are written in a language unfamiliar to those

subjects. The fact that none of those subjects can correctly answer these

items should not be taken as an indication that they cannot accurately

. perform the processes required for logically drawing inferences.

It may be argued that most tests given are timed tests and,

therefore. the scores derived by counting the number of correct answers

are greatly influenced by the speed by which the underlying processes can
"5.L be used. Thus, the ndvdual differences reflected by those scores must

be influenced by the speed of processing times. This, of course, is

true, but it does three things to the data that are undesirable. First,

it confounds process speed with process accuracy so that the investigator

cannot subsequently separate these aspects of performance. Secondly, it iii
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gives equal credit for all iteas answered correctly, regardless of whether 

a given itea or task required aore or different processes and took aore 

tiae or not. Third, it forces the data to obscure the effects of separate 

process durations. One would expect that the shorter one ' s process times 

are, the aore tasks or iteas that person should be able to coeplete . For 

exaeple, even if subjects aade no errors and even if each item or task 

took exactly the same aaount of tiae per subject, the number of items 

correctly answered would have to be divided by the total tiae to complete 
p 

the test to obtain an estimate of C UpkT,P . Witho ut doing this, 
p•t 

there 1s no way to equate process times on one test wi th process times on 

another test. 

o.J.s Responding Without Performing Required Processes 

An issue th~t arises when scoring tests , regardless of whether 

they are scored on the basis of "correctness of response " or atime to 

respond", is whether the subject reall y at t eapted to use the appropriate 

processPs. It is always possible that an answer given aay have been the 

result of guessing. Man y widely used testing situations (including those 

studies eaploying the Sternberg paradigm) eaploy multiple-choice formats. 

A subject aay guess the correct answer and aake the correct response 

without ever going through the processes that should have been used. 

Siailarly, a subject could respond to a test item, whether multiple-choice 

or not , without ever accoaplishing the requisite underlying processes. 

Indeed , if a subject knows that he does not possess one or more of the 

requisite processes, lor if the subject becomes aware of the f act that he 

is running out of time ) he may well abandon "appropriate" processing of 

the task (s) and atteapt t o guess the correct answers. In man y cases , such 

behavior could be det ected by grea t ly reduced tas k response times 1n 

conjunction with an 1ncrease in incorrect answers. Th i s suggests tha t 

sel f -paced tasks ma y be more he lpful than experimenter-paced tas ks in 

determining how subjects typicall y would prefer to per f orm a t as k. 

o.J.o Need to Consider Both Ti me and Acc ura cy 

It is obvious that merel y noting that a gi ven person is ver y 

fast at doing soae tas k does not indicate the level of ac curac y that 

person is exhib i ting on that tas k. Si mi l arl y , even if one can estab l ish a 
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person's average time to perform each separate underlying independent

process, that alone will not indicate how accurate each of those processes

are for that individual. But, by using the analysis of task-time approach

advocated earlier, it should lead to an identification of what the

underlying processes are for each task and the relative number of times

each of the required processes had to be used.

6.3.7 The Effects of Practicing a Task

Practicing a given task has at least three known different

effects on task performance. Typically, subjects who practice a task over

an extended period of time tend to (a) show a reduction in task time, (b"

show a reduction in errors made, and (c) show less variability in task

performance. Some investigators have favored using highly practiced

subjects while others have used subjects as they are found (i.e.. with

whatever skills and knowledge they possess). The strategy chosen

depends upon the interests of the researchers. If one is interested in

determining the "upper bounds" of "good" human performance, then clearly

the extensive training of subjects in performing tasks of interest would

be indicated prior to collecting data. However, data derived from such

studies may only be appropriate for generalizing to other similarly highly

trained subjects. Further, the training until subjects stabilize their

performance may permit a greater percent of the variance in a laboratory .-.

study to be explained, but, again, this may not accurately reflect the

amounts of variability typically found in the real-world and, thus, may

not generalize to real-world situations of interest.

With complex tasks, a fourth possible difference in subjects may

emerge with practice of that task:; the processes required to accomplish

the task may be different. In the course of practicinq a complex task, a

subject may discover new strateqies of which he was unaware in earlier

staqes of training. Tnus. it is possible that part of tne reduction in

response time results from the cropping of unneeded processes and iess

optimal strategies. Secondly, as procedures are learned better ano

better, there is less likelihood of a subject using some process at

an inappropriate time ,e.Q., before the situation really dictates its

use). For e:ampie, it a suoject 'prematureiy" determines that he is read,
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to start a different phase of solving soae problea, he may have to return 

to an earlier phase when he discovers that he does not vet have sufficient 

inforaation to solve that problea. This type of behavior could lead to 

acre usages of soae underlying processes by a novice than bv a trained 

individual. 

The on lv apparent guideline that seems reasonable wit~ regard to 

how ~uch practice sub~ shculd be given i s that subjects should have th e 

same distrlbuticn of skills and training as these in the real-world to 

which the researcher w1shes to ger.eral1ze. Regardless of where this 

gu1de l ir.e leads th e r esearc her, the collection and ultimate compar : ~ ~n 

of beth t1me and acc ur ac y data seems ~ arr anted and advisable. 

6.4 COMPR EHENSI VE HUMAN OPERATOR SIMULATIONS 

I t was aentioned earlier that the Huaan Operator Simulator <HOS> 

was predicated on the basic assumptions of the UIP theory. HOS is a 

highly sophisticated coaputer prograa used to siaulate a huaan · s behavior 

1n a coaplex s ystea and environment. It util iz es an English-like Huaan 

Operator Procedures <H OPROC> language to indicate various learned 

procedure~ which are assuaed to be part of the "long-term u aemory of the 

huaan to be siaulated. The aodel of the huaan,which is resident to the 

HOS prograa (i.e., not user furnished~ includes strategies for dynaaically 

deciding what the siaulated operator will attend to next. When a given 

"learned" procedure is being worked on, the appropriate statea@nt in that 

procedure is "recalleda and "deci phered " by what in HOS are referred to as 

•stateaent handlers." These aodules perait the siaulated operator to 

deteraine what "aicro-processes• need to be invoked in order to atteapt to 

satisfy the procedural requireaents. 

Aaong the various aicro-processes currently aodeled in HOS are 

•short-T•r• "••ory• (f or attempting recall of new information acquired 

during the simulation>; •1nfor11tion Absorption• (for simulating the 

acquisition <perception> of new information fro• various displays and 

controls in the simulated operator ' s workstation > ~ •Anatoly "ov•••nt• (for 

siaulating the liab aoveaents required to reach for, grasp , and aanipulate 

controls, and for head and e ye aoveaents and eye fixations to enable the 
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absorption of siaulated visually presented inforaat1on>; NDtcision "•kinoN 
<for siaulating the coaparison of two or aore values or states and for 

deciding aaong alternatives)~ and several other aicro-process aodels. 

Each aicro-process aodel, when invoked, aust deteraine the outcoae of 

using that process, including the aaount of tiae used by the process. In 

this Nay, the siaulation of the operator and the operator ' s systea can be 

accoaplished in a dynaaic fashion. 

"any of the aodeled underlying internal processes <i.e., the 

aicro-processesi in HOS utilize various constant tiae charges for invoking 

those processes. Since a given task aay invoke the saae micro-processes a 

nuaber of tiaes, it can be seen that, in HOS, task coapletion tiaes are a 

function of both the nu~ ~ er of uses of each process and the average tiae 

charged for each use of those processes. These constants in the aicro

process usage tiae equations can be altered prior to the start of a 

siaulation run to deteraine the effects of individual differences. The 

tiae charges for anatoay aoveaent processes operate in a slightly 

different way than other aicro-processes. In anatoay aoveaents, tiae 

charges are a function of both the individual being siaulated and the 

particular aoveaents to be aade. For exaaple, the tiae to reach fro• one 

position to another is a function of the distance to be reached as well as 

the speed of reaching for that individual. The absorption of visual 

inforaation can also be a function of the individual as well as a function 

of the type and size of the displayed inforaation. 

The constants for the uaverage huaan operator " in the micro

process tiae equations in HOS were, for the aost part, gleaned fro• the 

coaparison and reanalysis of studies that have been published in the 

literature. Soae of the t iae constants in HOS were also estiaated by 

eaploying soae aodifications to the Danders · usubtraction method" on 

selected laboratory data. Unfortunately, relatively few researchers, 

especially when the early versions of HOS were being developed in the 

early 1970s, had been concerned with deteraining the tiaes required for 

using various sensory, cognitive, ae•ory, or actor processes or, for that 

aatter, even identifying what the underlying perceptual and cognitive 

processes aight be. It is very encouraging to see the expanded interest 
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fro• researchers in discovering what the underlying internal processes ma y 

be and, especially, to note the resurgence of the interest in determining 

the ti•es required for using those processes. The need for co•prehensi ve 

hu•an perfor•ance simulation •odels th~t can accurately predict the 

likely perfor•ance of different kinds of operators in complex systems is 

obvious and oeed not be defended here. But such •odels cannot be totally 

realized until we become •uch more confident in our knowledge of what the 

underlying internal processes really are and how they work together to 

allow different hu•ans to acco•plish all kinds of real-world tasks. It is 

hoped that the UIP theory and its associated methodologies will be 

instru•ental in (a) discovering what those processes are <so that the 

appropriate micro-process •odels can be constructed >, <bl determining what 

tasks will cause the• to be invo ked <so that appropriate "statement 

handlers " can be written>, and Cc> detera~ning the sh~pes of the distributions 

of time charges for those processes <so that individual differences can be 

more accurately reflected in hu•an perfor•ance models ). 
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Al. DEFINITION OF SY"BOLOGY TO BE USED 

The following sections derive aany equations for the UIP theory. 

It is helpful to understand the syabology used for tasks, individuals, 

processes. and usages of those processes. The aost frequently used 

symbols are discussed beloM: 

Al.l TASKS 

We as~ume that the battery consists of K tasks. We number the 

tasks 1. 2. 3 •••• , k •••• , •· ••• , K. 

A1.2 INDIVIDUALS 

We assume there are N individuals and each performs all of the 

tasks. We number the individuals 1, 2, 3, .•• , i, ... , j , ••. , N. 

Al.3 PROCESSES 

We assume that P different underlying internal processes are 

used by the individuals in performing the tasks in the battery. We number 

the processes 1, 2, 3, ••• , p, ••• , q, ••• , P. 

A1.4 USAGES OF A GIVEN PROCESS 

The number of usages of process p by individual i during task k 

is symbolized UP, ... We nuaber the usages 1, 2, ... , u, ••• , UP, ... 

A1.5 SUBSCRIPTS 

The letters, P, .. , shown in the above s tatement are subscripts 

representing process p , in dividual i, and task k, respectively. 
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Al.b THE "SUM" OPERATOR 

The capital Greek letter "sigma", t, is used to indicate a 

sequence of values to be added together. In the derivations that follow, 
u 

the expression t Xu should be read as meaning, "Starting with u • 1 
u•t 

and ending with u • UP'k ' sum the X values indicated." In the same 
K p 

fashion, t would indicate summing across all tasks, t would 
k•1 N p•t 

indicate summing across all processes, and t would indicate summing 

across all individuals. 

A1.7 THE "MULTIPL Y" OPERATOR 

The Greek letter "pi", n, is used to indicate a series of valu es 
p 

to be multiplied together. The expression n XP should be read as 
p•l 

meaning, "Starting with p • 1 and ending with p • P , obtain the product of 

the X va lues indicated." 

Al.S EXPONENTIATION 

In the derivations that follow, X2 would indicate the square 

of X, while x-~ would indicate the square root of X • 

Al.9 MEANS AND STANDARD DEVIATIONS OF TIMES TO USE A PROCESS 

The time required for usage u during task k by indiv i dua l for 

process p 1s symbolized Tptku • w~ e xpress th e average i mean1 usage 

t1me f or process p by 1ndividual i during task k as Tp& k . The average 

t1me 1across all usages and a ll tasksl individual i takes to uti lize 

process p is symbolized as TP, , and the average time, across all tasks, 

usages , and persons, to use process p is symbolized as TP . 

The standard deviation, a measure of va riabi lity of a set of 

numbers around the mean of those numbers, is s ymbolized as r The 

subscripts associated with a t indicate the appropr i ate mean around 

which the variability is being measured. The variance of a set of numbers 

is always the square of the standard deviation. The s ymbol t 2 is usee 

to indicate the variance. 
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A2. THE NU"BER DF USAGES DF A &IYEN PROCESS DURING A TASK 

In accomplishing task k, individua l i may have to use process p. 

We define the number of usages of that process as 

upik = usages of process p by i during task k. <A2-1l 

The average number !across all persons > of usages of process p 

during task k would be found to be 

<A2-2l 

I f persons differed in how often they used process p during tas k 

k, th e variance i n those usages would be 

<A2-3l 
plo: 

and t he standard deviation of these usages would be 

• (t~ ) · :S <A2-4l 
pk plo: 

However , we may not know whether, during a given tas k, a certa in 

indi v1dual uses a given process more or less frequent ly than the average 

person does. Further, the ver y natur e of the task may not onl y dictate 

what processes must be used , but also the number of ti mes 1t must be 

1n voked by eac h person. There f ore , we assume t hat i ndi vi dua l i uses 

process p during tas k k t he same number of times as al l ot her i ndiv id uals. 

That is. we assume 

<A2-5l 
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Al. THE "EAN AND VARIANCE OF A PERSON'S Tl"E TO 
USE A BIVEN PROCESS DURING A BIVEN TASK 

We syabolize the aaount of tiae required to coaplete process p 

by individual i during task k on usage u as TP,kY • That is 

TplkY = usage u ti•e for process p by i on task k • (Al-1> 

The average or aean tiae for an individual to use a process 

during a task can be coaputed as 

(A3-2l 

Multiplying both sides of Eq. tA3-2> by Upk we obtain 

u 
t TpikY • 

Y•i 
(A3-3> 

The variance of those process p usage times for ind i 1ual i 

during task k would be 

<Al-4> 

The standard deviation of those sa•e tiees is simpl y the square 

root of the variance t~ That is 
pik. 

tT • (f~ )·S <A3-S> 
pik. plk. 

Knowing the mean and standard deviation of the times required 

for indi vidual i to use process p during tas k k, we can express each 

separate usage time as a standard score. That is 
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<A3-6) 

The use of standard scores will be helpful in later derivations 

because it can eas ily be shown that 

u 
t zplk~ • 0 , and 

~-l 
<A3-6.1) 

<A3-6.2) 

Mu 1 tiplying both sides of Eq. <A3-b> by rT and adding 
plk. 

Tp,k to both sides, 

<A3-7) 
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A4. THE MEAN AND VARIANCE OF A PERSON'S TIME TO

USE A GIVEN PROCESS ACROSS ALL TASKS

In performinq a battery of K tasks, individual i may have to use

process p on one or more of those tasks. The mean process p usage time

across all usages and tasks for person j will be

T"*"('TIp l k U (A4-1)

Substituting Eq. ;A3-3) into ;A4-i), we obtain

K K

T , * S (UPkTPk 1/kEU4k. (A4-2)

For individual i , a difference between the average process p

usage time during task k i.e. ,, T°,, and the average process p usage r

. time across all K tasks ki.e., T°,, may exist. This difference, or

deviation, between those values is

DPok, TPIk - To, (A4-2.1)

We may caiculate the variance of these differences for individual i as

IC

* ru 1k1 0,,k/E'U Pk (A4-3
p1 - k1t k-

Taking the square root of Eq. (A4-3) we obtain

.- , ... -4)> .
rT * (T' )' . (A4-4)

pt . pi _

"gain, we may define, for individual i, a standard score for the

difference between the mean process p usaqe time durinq task k and the

mean across all tasks as

A4 - 1
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' :p11 * (T pk - T.,)/ V. . (A4-5)

With these standard scores, it can also be shown that

K

EUP zp, 0, and (A4-5.1)
k-I

K K

E U" Z-1 . * t U . (A4-5. 2)
k-I k1p

Multiplying both sides of Eq. UA4-5, oy fT and aoding
pS.

TP, to both sides yields

TPIk 9 T  Zp1 k + TP, (A4-6)
Pt.

Hnother way of thinking about individual i s time to use a

process p ouring task k is to say that TPk is composed of two parts.

That is

TP, k Tp, + Dp k (A4-7) "-

where

Dpk = an interaction between process p, inoividual i, aro

task k. .

Now, substitutinq Eq. (A4-7) into Eq. tA4-2> it can ce seer, irat

K K

T * £(UP (TP, + Dp,,))/ - Up1  (A4-8,

K K K

• ( Up,,TP, + t UP" DP, )/ t Up,"k1t k1S ha-tr F''

!t si;:e TP, is a constant for individual 1 no process p, ther

T., * Tp , ( E Uo,/ . U ) A4-9'

T + . k D , r-k u1

," 4 -. l' .tj
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Thus, it can be shown that
1. %'

K 

-0

k-I A-0

If Eq. (A4-10) is true, then we can also show that

N K

E 1k E I U. /N i C I (0)/N * 0 M A-11)1-1lk-I1 11-

But it is also true that rearranging the order in which the summing is

accomplished would yield

N K

CZ EU~k D IN E Uk E DpIk/N (A4-12)I k
1-1.Ip:kk1 11D. •"

k..1 kp. k *0

Finallv. we may also show that

F1

E , Up,,D., . and (A4-13)

P N K

Z E,,EUpkDp 0. (A4-14)

Hk , .-'.
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h A5. THE MEAN AND VARIANCE OF THE T, VALUES

The overall mean time for using process p across all usages, allp tasks. and all persons would be given by 
4

N KC U 
%C. 4

P I T,,( I(EU )N .(A5-1

U
Suostituting Eq. (A.3 for E T in the above equation gives

T, E EUpT U)N (A5-1.1

Substituting Eq. (U-4)or tpartinparnthse in the above eqation1

The difference between TP, and TP is a deviation score

=P TP1 - TP (A5-2.1)

and tne variance of the T, values around TP would be given by

N KC KC-

*E E U,. t- / EUPN .(A5-3)

I 1k-1 k 'k.

The standard deviation is given b-

rT ( O2 )s(A5-4)

Hstandard score to represent T. would be

zP (TP - TP )/rT 0 (5-5)

5 I%
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Multiplying both sides by V, and adding T. to both sides yields

T * VT , +~ * . (A5-6)

Using Eqs. (A4-6) , and (A5-6) we may show that the average time

- to use process p by a given person i during task k is

TP ik r VT ZP + VT ZL + T . (A5-7)
pL. p.

%0 ' . . . . . . .. %1

.... ,*, .a. 
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MD. - DP M) 2 /N (A6-5. 2)

.. ,. ..

S - (r )' .(A6-5. 3)

We may also express the difference between Tpt k and TP, as a
P" p1

standard score because

ZD (D)ptk -Dp.t)/Vr and (A6-5.4)
ptk p. k

DPIk ro zD + D, • (A6-5. 5)
p . k p I k

Since, by Eq. (A4-5,, it can be shown that DPIk equals

rT Zr . we may substitute Eq. Ao-5.5) into Eq. (A6-7D to

show that

P
T, UPk(fo Z, + Dp., + TP,) (A6-6)

p-I p. k pik

Finally, substituting Eq. (A5-7) for Tp,, we see

Tk Z Upk(rr, Z (A6-7)
P .k ptk

+ Dp.k + O T  ZT + T0 )

Multiplying as indicated we obtain the time for person i to do task k.

That is

o,5.

T,, * E(Uko Zr1  + Up k D, k
-I p . k 0k

+ Upk#T ZT + UpkTp) (A6-8)

P . .i
*I 

%S

A b,

J,: Nv-.P
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A7. THE "EAN TASK TI"E FOR A SIYEN TASK 

To obta1n the avttrage tas k time, He merelv sum Eq. !A6-8 i across 

all persons and div i de by N . Thus, 

N 

T" • t T" l /N • or l•l 

+ upi<,T zpl + up .. Tp )/ N • (A7-ll 
p . 

All the z scores in Eq. IA7-1 ) are true standard scores with 

reference to summing across a!l the persons. That is, if He Here to sum 

them across ail N persons they would sum to zero. Appropriatel y summing 

the teras in Eq. <A7-1) will show that 

p N 

T" • t (UP" (f0 t Zo /N 
p•t p . k l•l pll< 

N 

+ Dp." + Tp + fT t ZP 1 /N ) (A7-2l 
p. l•l 

Each of the final terms th•t• su• standard scores across all 

persons will equal zero, and those terms will disappear. Re•oving all 

terms from Eq. iA7-2) th•t equal zero, we see 

T • k 
(A7-3l 

Even though individuals ma y di ffer in the average time it takes them 

to use a given process, those differences also do not directly affect mean 

task time. Now DP · " does affect mean task time, but DP·" is simply 

the average (across all the persons ) of the difference between the average 

time it takes person ito use process p during tas k k l i . e . , TP 1 " l and 
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the average time it takes that same person to use that same process across

* - all tasks ti.e., T .). Several explanations can be advanced as to what

Dk kand hence DP.,i may represent. First, what Dp., may be is in

increment (or decrement) ;n time to use process p, whioh might be

attributable to various stages of "fatigue" or "recovery". It might also

represent the average increment (or decrement; in processina time brouaht

about by some "differential depth of processing" requirement attributable "b

to the nature of task k. Finally, it may merely represent some moment-to-

moment variability in the time to use process p. ,.. ,

It is also interesting to determine the average of all taski

means ,.T ' This derivation is shown below. it is known, from Eq.

(A7-1) that

5-,N

'~5'k% E T,,/N

Thus, the mean of all task times will be

W.K K N

J T E Tk/K a E E Tt/N K A7-4)
I1 k -I - I

Now substituting Eq. (A6-2) for T, , we see that

- K N P

T - E EU.pkT % / N K (A7-5)

And substitutinQ Eq. (A4-7) for Tplk , we see that I,.

- K N PT. E E"E Pk (TP, + Dp,,)I N K (AT-6)

Rearranging the summations, it is equally true that

- P N k

k- EI + P k)/ N K .-W--)
5 P - I I -I

k

P N W- K

L~ E( rI UpT + EU.DP,)/NK
. -t I k pk k 1p k

But we know from Eq. (A4-10) that the second term in the

numerator is equal to zero. Therefore,

A - 2

.. : ....v
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T E T ( Up,, )KN. WA-6)
p-lI PI

K

but kE Up,1K is a constant and representi the average number of times
process p is used for each of the K tasks. That is

K2K

Therefore,

AP
T- E U- Np/

-rFinally, however, we know from Eq. (A5.2) that T E TP1 IN
Thus.

pI

Ile-%5 %l.75, % % %
%PJ.'



AI. THE VARIANCE IN TI"ES TO PERFDR" A &IYEN TASK 

~e •ay represent the deviation between the ti•e to perfor• task 

k by individual i and the average task ti•e for the entire group as 

t,., • T,., - T., • <AB-1> 

Substituting Eq. <Ao-8) for T,., and Eq. (A7-3> for T.,, it can be shown 

th•t 

t, ... <AB-2) 

Eq. <AB-2> is particularly interesting because by Eq. <Ab-5.5> 

could show th•t 

and by Eq. (A5 - b> we could also shaN 

Both expressions to the right of the equal signs in the two prior 

equations are, the•selves,deviation scores. That is, while DP'" is the 

deviation betNeen TP'" and TP, , DP·" is the average of those 

deviations. Thus. DP'" - Dp ... •ust, itself, be a de viation score. To 

indicate that this is a deviation of some deviations, Ne use the symbol 

dP'" . That is 

<AB-3> 

And, by Eq. <AS-2.1> Ne had already defined 
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CA&-3.1) 

Both of these deviation scores represent a difference between 

this individual and the group as a whole. The second <i.e., tP,i 

represents an abiding difference between individual i and the group across 

all tasks in the battery. From that standpoint, tP, represents a more 

stable difference. The other (i.e., dP,k if it in fact exists> starts, 

first. as a difference between the a•ount of time individual i required to 

use process p during task k over that which he required on the average 

across all tasks. However, beyond that, it also aust be different froa 

the average of all persons task k deviation fro• their own separate 

average ti•es to use process p. Thus. if on a particular task, all 

persons ' process p usage ti•e increased or decreased by a constant amount, 

then no dp,k would exist. 

We ••v express t,k in teras of those deviation scores. That 

is, by substituting the above known equivalents 

CA8-4) 

Equation <AB-4> is also interesting fro• the standpoint that any 

process p that is not used during task k will have a Upk of zero. Let 

us examine two different processes <e.g., p and q> which have U values 

different fro• zero. In this case, 

The ; quare of t,k when averaged across all N persons, gives 

the variance of t he time to perform task k. That is, 
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ln our ex &~p l e where cnlv two processes are beinq used, the task 

time variance would produce ten terms ana would ce 

N 

fT • u: .. ( I: t!~/N) 
k j-. 

N 

+ u: .. 2( I: t 11 ,d 11 , .. /N) ·-· 
N 

+ u .... u .... 2( I: t .. ,t .. ,/N) ,_, 

N 

+ u .... u .... 2( I: t .. ,d .. , .. IN) ,_, 

N 

+ u: .. ( I: d:, .. IN) ,_, 

Four of the ten eras produced contain variances: 

N 

I: t!,IN • ,2 
T ,_, ... 

N 

I: t!,IN • ,2 
T ,_, ... 

N 

I: d!, .. IN • ,2 
~ ,_, 

p . k 

N 

I: d!, .. IN • ,2 
~ ,_, ..... 

N 

All of the other I: teras represent covariances. Fer example, the 
'-' covariance between T

11
, and D .. , .. is 
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However. 1t is known that any covariance is equal to the product of the 

respective standard deviations tiaes the correlation of that set of 

nuabers. That is 

• ,T ,D rT D 
... q.k pl qlk 

The UIP theory assumes that all such r terms ha ve a value of 

zero. That is. the T .. l and D .. l .. values are independent of each other 

and independent of the T"l and Dqlk values. Thus, the sum of the i r 

products across all persons will be zero~ 

Usinc; these assuaptions, Eq. (AB-5 > becoaes 

+ ,: ) • <AB-6) .. ..... 
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A9. THE CORRELATION A"ONG TASK TI"ES 

Prior to de~ivino the equation for the correlation between the 

times to perfor• two different tasks, let us su••arize what we have 

established about task ti•es. In doing this , we will f ollow the 

convention we started in preceding sections of considering TP•" as beino 

composed of two distinct and independent components: TP. and DP .... 
First. we know fro• Eqs. <Ao-5.5 > and <Ao-6) that the time required f or 

person i to perform task k would be 

<A9-1> 

Secondly, by Eq. <A7-3 l , we know that the mean t i me for al l 

persons to perfor m task k would be 

tA9.2i 

Bv Eq . !AB-4 > we know that 

tA9-3> 

F1nall y , we have shown l1n Eq. \ AS- 61 1 that th e varianc e i n t as l: 

per f ormance t i mes for tas k k is 

F' 

" 
• I: u~ .. <r~ 

p-l p . 

+ ,.~ tA9-4 > 
p." 

We ma v not e t hat 1n a ll of t hese f our equat i ons, each va lue i s 

composed of t he sum of separate components f rom eac h of th e poss1b ! e P 

processes. However, we •av also note that 1f t he a ver age usa ge of an y 

91 ven process is zero (i.e., UP" • 0 ) . then tha t pr ocess can no t con 

trib ute to an y of the four measures shown above !because UP" i s a l wa ys 
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used as a aultiplier and its product Mill be zerol. NoN the correlation 

bet•~en any tNo tasks, say, k and a. would be 

N 

The covariance tera, &<t,kt,.>IN • in Eq. <A9-5> can be ,_, 

<A,·b) 

The value of t,. will follow the sale fora as t,k as shown 

1n Eq. (k9-3>. and will be 

<A,·7) 

HultiplvinQ t,k by t,. and su1aing through all N persons, and 

then divid1ng the sua bv N. we aay obtain the covariance term value. As 

in our derivation of Eq. <A8-b), we 1ay better appreciate what products 

Mill occur by considering that Ne have tNo ter1s for each proces~ to be 

rtprtstnttd in tach of tht two tasks. ~tt us consider two proces111 (p 

and q> for each of the two tasks. That is, 

<A,-7.1> 

and 

<A,-7,2> 

"ultiplying Eqs. <A9-7.1) and <A9-7.2> together will create 

si xteen teras, which Nhen suaaed across all N persons and averaged, Mill 

be as folloNs: 
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N 
( l) u ... u ... 1: t:,/N ,_, 

N 
( 2 ) u ... u ... 1: t.,,d.,,.IN ,_, 

N 
( 3) u .... u ... 1: t.,,t

011
,/N ,_, 

N 
( 4) u .... u ... 1: t.,,d,.,.IN ,_, 

N 
{ S> u .... u ... 1: d.,u t.,, /N ,_, 

N 
( b ) u .... u ... 1: d.,u,d.,,.IN ,_, 

N 
( 7 i u .... u ... 1: d.,, .. t"'/N ,_, 

N 
( 8> u .... u ... 1: d.,u,d,.,.IN ,_, 

N 
( 9) u .... u ... 1: t,.,t.,,/N ,_, 

N 

{10) U011 .,u.,. J: t 011 ,d,.,.IN ,_, 

N 

( 11) u .... u ... 1: t!,IN ,_, 

N 
(12 ) u .... u ... 1: t .. ,d .. ,.IN ,_, 

N 

( 13) u .... u ... J: d,.,.,t.,,/N 
'- t • 

N 
{ 14) u .... u ... J: d,.ud.,,.IN ,_, 

N 

{ 15) u .... u ... J: d,.,.,t,.,/N ,_, 

N 

( 16) u .... u ... J: d .. ,.,d .. ,.IN . l-' 

In the derivation of Eq. <A8-b~ ME! had already assu•ed that 

certain individual processing ti•es during a given task Mere unrelated. 

Si•ilarly, so•e individual ' s processing ti•es Mould be unrelated fro• one 

task to another. The UIP theory •akes three •ain assu•ptions about the 
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lack of relationshlp bet•een certain processing ti•es. First, no average 

individual processing tiaes for one process (e.g., the TP, values ) can 

be related to any other process ' average individual processing tiaes 

<e.g., the Tq, values). This is the assuaption that leads to the 

stateaent that rT T • 0 . 
p' q' 

Seca"d• no aver191 individual pracessin; ti111 <e.;., the Tp, 
or Tq, values) can be related to any individual ' s de vi ation f rom an 

average processing time on any task <e.g •• the DP'" ' DP,•' Dq,•' or 

Dq,., values ) . 

Third, no individual ' s deviation froa h1s average processing 

t1ae on one task ie.g ., the DP'" or Dq,., values> can be related to 

each other or to an i ndividual ' s deviation fro• his average processing 

t1me on some other task <e.g., the DP,. or Dq,. values>. 

Witn these assuaptions aade, only two poss1ble teras (l.e., term 

1 and term 11> can reaain in Eq. <A9-5>. The first ter11 represents the 

cross-~roducts of the usages of process p on tas ks k and 1 multiplied by 

var1ance of the average process p usage ti11e for each person around the 

overa ll average process p usage t ime. The other term is identical in form 

exc ept that it is for process q. In this example, we had assumed that 

onl y processes p and q were used in both tasks. Had other processes also 

been used 1n both tasks, similar terms would have also shown up for t hem. 

If ali the processes had been used, we can anticipate that 
• 

c .... <A9-8> 

nowe ter, tnis eauat1on wi l l also work fer a ll cases s1nce, for anv process 

p, 1r Upk or UP• i s zero ( i .e., t hat pr oc ess 1s not us ed, th en t ha t 

t er m ~ 1ll c1sapcear f rcm the covar1ance t erm. 

Subst!tut1ng £q . \A'Y-81 un:o •. A9- oJ and iA9-6) into ( A9-5i . t he 

cor r e at1 on oetween an v two tas k t 1mes 1e.g., t as k k and ta s~ a J w11 i be 

"' r ka • t (UpkUP• ~~ )/tT fT 
ca•t ~ . 111.: 
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A10. TASk TI"E CORRELATIONS AND FACTOR ANALYSIS 

is the square root of r~ ... .. . 
and, therefore, we could express the f~ ter• in Eq. !A9-9> as 

p. 

tiees fy This suggests that we could create a eatrix 
p . p. 

F ha ving P colu•ns <i .e., one for each of the underl ying processes> and K 

rows i one for each task 1n the battery>. If in row k and colu•n p, we 

could Dllct 1 v1lut for ctll f .. ,. , we would want it to be equal to U,.k 

rT /rT . That is. 
p. .. 

f .. ,. • U,. .. rT /fT , and !Al0-1> 
p . " 

IA10-2> 

Ncte ~nat lt we s~cmed !a:ross ali columns i the orcd~cts of 

these r?soectl ve entr~es ~n rcw k and row 1. we wou l d ootain 

<Al0-3> 

F' 

• t<u .... u ... r~ /rT rT >. 
p•l p... ... .. 

But thi s is precisely wnat Eq. !A9-8 i is eq~ai to. Thus , 

<Al0-4> 

Th ose fam1liar with factor analvs1s will readil y reccqn1ze Ec. 

!Alv-4i as the traditional model ior factor analysis. It states t hat, 

after f a:tor anal v:lnQ the ccrre lat1on matr1 x , the ra:tor ~ atr1 x s hou: o oe 

able tc be used tc reconstruct all of the correlat!on coeff ic1er.ts f r o~ 
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that matrix. The rows in a factor matrix correspond to the tests wh1le 

the colu=ns correspond to independent factors. 

The independent factors found in doing a factor analysis must 

soa~ehow correspond to "underlying internal precesses" that a person uses 

to prosecute various tasks. This, of course. means that the underl ying 

precesses, at least in regard to the time required to use them, must be 

1ndependent as well. Th1s was the assumption made earlier when we stated 

tnat rT T • 0 • 
p l Q l 

One of the aajor issues in factor analysis is deciding how to 

rotate the obtained factors to their most meaningful structure. Various 

mathematical schemes for rotating the extracted factors have been 

developed. For example. Kaiser (1959) developed the Normalized Varimax 

Rotation eethod to achieve ~simple structure." It is the most widely used 

rotation method aeong psychologists. Of particular interest, in deciding 

how the factors obtained from factor analyzing the intercorrelations of 

task times, is the composition of the entries suggested earlier for each 

cell of the F matrix. We indicated that its value should be. for row k 

coluiDn p, 

We can immediately see that tT and tT must be 
p. .. 

positive \since it is impossible for a standard deviation to be negative). 

Since UP .. is the average number of times process p is used during task 

k. it follows that UP .. must be zero or positive. This requires that 

every entry 1n the factor matrix. if its factors have been rotated 

to correspond with the underlying independent processes, must be zero or 

positive. The Varimax eethod can soaetiaes arrive at such a structure. 

Usually. however. when it does obtain all positive loadings. there are 

very few loadings in the factor matrix that are not significantly 

different fro• zero . Often, this problem is caused by the presence of 

higher-level <general and/or subgenerall factors, and the Varimax aethod 

cannot handle such factors. Hierarchical Factor Analysis <HFAl <see 

Wherry. Sr. <1984)) was developed in the late 1960s to overcoae this 
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diificuity. however, the original HFA technique, whicn could achieve tne

desired near-zero loadings sought by "simple structure". miqht also, at

times, result in some small, but significant, negative loadinps.

Recently, Wherry, Jr. 1985) has developed a new mathematical criterion

or achievinq both "simple structure" and "positive maniiolo". the type of

lactcr ioadinq structure demanded by the theory of underlvinq internal

processes.
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